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ABSTRACT
This study deals with the cyclic oxidation behaviour of thermal barrier coating systems. The systems
consist of an yttria-stabilised zircona ceramic top coat deposited by EB-PVD, a b-(Ni,Pt)Al bond coat
and a Ni-based superalloy. Two different superalloys are studied: a first-generation one and a fourth-
generation one containing Re, Ru and Hf. The aim of this work is to characterise the microstructural
evolution of those systems and to correlate it to their resistance to spallation. Thermal cycling is
carried out at 1100C in laboratory air, with the number of cycles ranging between 10 and 1000. Each
cycle consists of a 1 h dwell followed by forced-air cooling for 15min down to room temperature.
Among the main results of this work, it is shown that the MCNG-based system is significantly more
resistant to spallation than the AM1-based one. Up to 50 cycles, both systems exhibit similar
oxidation rate and phase transformations but major differences are observed after long-term ageing. In
particular, a Ru-rich b-phase is formed in the bond coat of the MCNG-based system while the AM1-
based one undergoes strong rumpling of the TGOybond coat interface due to the loss of the thermal
barrier coating.
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1. INTRODUCTION
Improvement of the efficiency of high pressure turbines can
be obtained by an increase of the gas inlet temperature.
Turbine blades of aero-engines are thus subjected to severe
environments with high temperatures and high stresses so
that high-temperature materials are required. As they offer
high mechanical resistance under creep and fatigue condi-
tions, and good resistance to chemical degradation, single-
crystal Ni-based superalloys can be used for turbine blades.
Since the first-generation superalloys, improvement of the
chemistry design has been performed in order to increase
their mechanical resistance, in particular their creep proper-
ties, and to limit their chemical degradation [1]. Creep-
strengthening elements such as rhenium have first been
added. However, excessive amounts of these elements lead
to the precipitation of topologically closed packed (TCP)
phases that are detrimental to the mechanical properties.
Ruthenium was introduced a few years ago in the fourth-
generation superalloys to reduce the TCP precipitation. In
addition, small amounts of reactive elements such as Hf, La
and Y in combination with a decrease of the Ti content have
also been shown to be beneficial to the chemical resistance of
the superalloys in an oxidising environment [2,3]. Further
increase of the gas inlet temperature was also achieved with
the development of thermal barrier coating (TBC) systems
[4]. TBC systems consist of a ceramic top coat with low
thermal conductivity and high permeability to oxygen,
covering an alumina-forming metallic bond coat which is
resistant to oxidation. Due the high diffusivity of oxygen in
the ceramic top coat, a protective thermally grown oxide
(TGO) layer of Al2O3 forms at the surface of the bond coat
during service.
The lifetime of TBC systems is conditioned by the TGO
scale adherence which is affected by several factors: (i)
growth and thermal stresses in the oxide scale [5]; (ii)
phase transformations in the bond coat [6]; (iii) sulfur
segregation at the bond coatyTGO interface [7–9]; (iv)
cavities at the bond coatyTGO interface [10]; and (v)
rumpling [11,12]. Part of those factors depends on the
interdiffusion processes occurring between the superalloy
and the metallic bond coat at high temperature and conse-
quently on the bond coat and superalloy compositions
[6,13,14].
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The aim of this work is to study the effect of the super-
alloy chemical composition on the spallation resistance of
two TBC systems. For this purpose, the cyclic oxidation
behaviours of TBC systems with either a first-generation
superalloy (AM1) or a fourth-generation superalloy (MCNG)
covered by a Pt-modified nickel aluminide bond coat and an
yttria-stabilised zirconia top coat are compared.
2. MATERIALS AND METHODS
The samples provided by Snecma are disc-shaped coupons
with a diameter of 24mm, a thickness of 2mm and
chamfered edges. They consist of a b-(Ni,Pt)Al bond coat
applied to a Ni-based single-crystal superalloy and covered
by the yttria-stabilised zircona (YSZ) top coat deposited by
electron-beam physical vapour deposition (EB-PVD). Two
superalloys were studied: a first-generation one (AM1) and a
fourth-generation one (MCNG) containing Re, Ru and Hf
(Table 1). The (Ni,Pt)Al bond coat was obtained by Pt
electrodeposition followed by vapour phase aluminising.
Before deposition of the top coat, the surface of the as-
prepared samples was grit-blasted. The Ra value of the bond
coat surface was measured using a profilometer. For each
sample, three 600 mm-long profiles were performed. The Ra
value was estimated to 0.7+ 0.2 mm for the AM1-based
systems and 0.5+ 0.2 mm for the MCNG-based ones.
Images of the as-fabricated systems in cross-section are
shown in Figure 1.
Thermal cycling was carried out at 1100C in laboratory
air (CIRIMAT facility and standard cycle). Each cycle
consisted of a 1 h dwell including heating followed by a
forced-air cooling of 15min down to room temperature.
Several ageing times corresponding to 10, 50, 500 and
1000 thermal cycles were tested. The corresponding effective
time, defined as the time spent above 97% of 1100C, is
reported in Table 2.
Scanning electron microscopy (SEM) observations of the
polished cross-sections of the samples were performed on a
field emission gun (FEG) Zeiss Gemini DSM 982 micro-
scope using both the secondary electron imaging mode and
the backscattered mode. The profile of the oxideybond coat
Table 1 Chemical composition (wt.%) of the AM1 and MCNG superalloys
Ni Co Cr Al Ti Ta Mo W Re Ru Hf
AM1 64 6.5 7.5 5.3 1.2 8 2 5.5 – – –
MCNG 0.4 – 4 6 0.5 5 1 5 4 4 0.1
Table 2 Name of the samples and corresponding effective time (h) spent at 1100C. The effective time
is defined as the time spent above 97% of 1100C
Name of
the sample
Number of
cycles
Effective time (h)
at 1100C
AM1y(Ni,Pt)AlyTBC A10 10 9
A50 50 45
A500 500 448
A1000 1000 896
MCNGy(Ni,Pt)AlyTBC M10 10 9
M50 50 45
M500 500 448
M1000 1000 896
Figure 1 SEM micrographs of cross-sections of the as-coated samples (a) AM1-based system, and (b) MCNG-based system.
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interface was reconstructed by image analysis of low magni-
fication SEM micrographs in order to determine the interface
roughness. The interface profile is defined as the line
between two different contrasts. A straight line drawn
using the method of least squares is used as a reference.
This line, which cuts the profile, is drawn in such a way that
the total area under the peaks and that under the valleys on
each side of this line are equal. The Ra value is calculated as
the total area between the profile and the reference line
divided by the length of the reference line. Phase transforma-
tions and chemical composition in the bond coat were
followed respectively by SEM and electron probe micro-
analysis (EPMA) performed on a CAMECA SX100 appa-
ratus.
3. RESULTS
3.1 Spallation
After thermal cycling at 1100C, the AM1- and MCNG-
based systems exhibited three different levels of spallation
(Table 3). No spallation occured on three of the samples:
A10, M10 and M50. Three samples show localised spalla-
tion close to the edges: A50, M500 and M1000. As this
phenomenon is mainly due to a geometrical effect – the
‘‘edge effect’’ – leading to stress concentrations, it is not
representative of the intrinsic behaviour of the thermal
barrier coating system. Therefore, those samples have been
assimilated to the ones exhibiting no spallation at all.
However, the sample M1000 spalled after cutting for
sample preparation. Eventually, the AM1-based samples
have totally spalled after 500 and 1000 cycles. Regular
visual inspections during thermal cycling revealed that
spallation occured at around 200 and 400 cycles, respec-
tively. However, the choice was made to carry out thermal
cycling to the duration initially planned. With respect to the
previous comments regarding the ‘‘edge effect’’, it turned
out that the durability of the MCNG-based systems was
strongly improved compared to the AM1-based ones.
Indications about the location of spallation are found by
several inspections. First, as shown in Figure 2, microcracks
exist at, or close to, the oxideyceramic top coat interface of
samples aged for short times (10 and 50 cycles). Such
defects were not observed in the as-fabricated systems
(Figure 1). The AM1-based systems are more prone to the
formation of such defects. SEM observations of the surface
of the fully spalled AM1-based samples were also
performed. On sample A500, nearly all the surface
(490%) was oxidised but the oxide thickness was not
homogeneous [Figure 3(a) – (b)]. XRD analyses coupled
with EDS analyses revealed that the oxide consisted
mainly of a-Al2O3 but other phases such as NiAl2O4,
TiO2, AlTaO4 and ZrO2 (tetragonal structure) were also
detected [Figures 3(c)– (d) and 4]. Similar phases were
observed on sample A1000 (Figure 4). The spinel phase
NiAl2O4 most probably comes from a strong depletion of
aluminium in the bond coat, impeding further formation
andyor growth of alumina. The titanium and tantalum oxides
result from the diffusion of these elements from the super-
alloy to the surface where they were oxidised. Finally, the
presence of ZrO2 suggests that spallation partially occurred
inside the YSZ top coat. ZrO2 does not form a continuous
layer which is consistent with the presence of the micro-
cracks close to but not at the oxideyYSZ interface as
previously described. On the contrary, SEM observations
of the surface of the MCNG-based sample which spalled
after cutting (sample M1000) showed that spallation fully
occurs at the oxideybond coat interface [Figure 5(a)].
Observations of the spalled flakes of the TBC of the
MCNG-based system after 1000 cycles revealed the duplex
structure of the oxide layer. The internal layer in contact with
the bond coat had a columnar structure whereas the external
layer in contact with the ceramic top coat had an equiaxed
structure with a mean grain size below 1 mm [Figure 5(b)].
Table 3 Surface spallation rate (%) after thermal cycling at 1100C. The sample marked * exhibits 100% of
spallation after cutting for sample preparation
10 cycles 50 cycles 500 cycles 1000 cycles
AM1y(Ni,Pt)AlyTBC 0 edge 100 100
MCNGy(Ni,Pt)AlyTBC 0 0 edge edge*
Figure 2 SEM micrographs in SE mode of the oxide layer of the samples: (a) A10, (b) A50, (c) M10 and (d) M50. The arrows indicate
microcracks.
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3.2 Roughness
The Ra value is used in this study to describe the roughness
of the oxideybond coat interface (Table 4). After 10 and 50
cycles, no significant evolution of the interface roughness
was observed for both the AM1- and MCNG-based systems.
The Ra values remain in the same range, being slightly
higher for the MCNG-based samples. A significant increase
of the Ra value is observed after 500 cycles on the MCNG-
based sample although no pegs were detected. The interface
tends to become smoother after further thermal cycling as
suggested by the Ra value after 1000 cycles. After 500 and
1000 cycles, the loss of the ceramic top coat on the AM1-
based systems leads to an impressive increase of the Ra
value that can reach 6.0 mm. The ceramic layer does not
prevent any bond coat surface undulation any more [15].
3.3 Oxidation kinetics
The oxidation kinetics of the two systems was estimated
from thickness measurements of the oxide layer obtained
from SEM micrographs in cross-section. Although this
method is not as precise as thermogravimetric analyses, it
enables an estimation of the oxidation rate and a comparison
between the two systems. In order to have both sufficient
accuracy and representation, several measurements were
performed on several high magnification micrographs for
each sample. However, after long term ageing, the oxide
layer was usually heterogeneous in thickness with differ-
ences that can reach a few micrometres. The evolution with
time of (h2  h20), where h and h0 refer respectively to the
Figure 3 SEM micrograph of the surface of sample A500: (a) in backscattered mode, (b) in SE mode, (c) and (d) EDS spectra of zones A and
B of SEM image (a).
Figure 4 XRD diagrams of the oxide layer of samples A500 and
A1000.
Table 4 Ra values of the bond coatyoxide interface, estimated by image analysis
10 cycles 50 cycles 500 cycles 1000 cycles
AM1y(Ni,Pt)AlyTBC 0.5+ 0.3 0.7+ 0.2 6.0+ 1.0 4.2+ 1.0
MCNGy(Ni,Pt)AlyTBC 0.8+ 0.2 1.0+ 0.2 1.7+ 0.5 1.0+ 0.3
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thickness at time t and the initial thickness, is plotted in
Figure 6. Because of TBC spallation, no data on the AM1-
based system after 500 and 1000 cycles are given. Two
domains can be distinguished for the MCNG-based systems
with a transition around 50 cycles. As expected, the oxida-
tion kinetics were faster during the first cycles and then
decreased for the longer durations. Between 0 and 50 cycles,
the AM1- and MCNG-based systems oxidised at a similar
rate. The parabolic constants kp determined from Figure 6 are
equal to 2.5+ 0.8610 12 g2 cm 4 s 1 for the AM1-based
system and 1.9+ 0.7610 12 g2 cm 4 s 1 for the MCNG-
based system. Between 50 and 1000 cycles, the oxidation
kinetics slow down and kp becomes equal to
3.2+ 0.7610 12 g2 cm 4 s 1 for the MCNG-based
system.
3.4 Phase transformations in the bond coat
In the as-received state, the Pt-modified nickel aluminide
bond coat has a duplex structure: the external zone (EZ) is
single-phased b-(Ni,Pt)Al while the internal zone (IZ) has a
composite structure consisting in a b-(Ni,Pt)Al matrix in
Figure 5 SEM micrograph in SE mode of sample M1000 after spallation: (a) surface, and (b) spalled flake of the ceramic top coat and oxide
layer.
Figure 6 Oxidation kinetics during thermal cycling of the AM1-
and MCNG-based systems based on thickness measurements. The
insert is a zoom of the plot between 0 and 50 hours.
Figure 7 SEM micrographs in BSE mode in cross-sections of the
bond coat of the MCNG-based samples: (a) M10, (b) M50, (c)
M500, and (d) M1000.
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which TCP precipitates are embedded. At the interface with
the IZ, destabilisation of the superalloy leads to the formation
of a diffusion zone in the AM1-based systems. In the
MCNG-based ones, this layer is thicker and is called
secondary reaction zone (SRZ) [16,17]. In both cases, the
microstructure consists of TCP precipitates embedded in a
g 0-Ni3Al matrix. After 10 cycles, no phase transformation
was observed by SEM either in the external zone (EZ) or in
the internal zone (IZ) of both systems [Figures 7 and 8(a)].
However, the chemical composition of the external zone of
bond coat had slightly changed as revealed by WDS analyses
(Figure 9). Due to the interdiffusion phenomena between the
bond coat and the superalloy, depletion of aluminium
associated with enrichment of nickel and to a minor extent
of chromium in the EZ of both systems can be seen. In
addition, ruthenium coming from the superalloy is detected
in the EZ of the MCNG-based system. After 50 cycles, the
transformation of the b-phase into the g 0-phase (Ni3Al) was
initiated in both systems [Figures 7 and 8(b)]. The phase
transformation starts at the grain boundaries, at the
oxideyalloy interface and at the EZyIZ interface. The deple-
tion of aluminium carries on in the EZ where the aluminium
content reaches 32–33 at.%. After 500 and 1000 cycles, the
EZ of the bond coat consisted mainly of the g 0-phase in the
MCNG-based systems [Figure 7(c) and (d)]. The g 0-phase is
located at the oxideybond coat interface and at the EZyIZ
interface. The EZ was considerably enriched in nickel and
depleted in aluminium. Significant amounts of chromium
and ruthenium were also detected. As shown by chemical
analyses of each of the two phases (Table 5), the ruthenium
was nearly exclusively dissolved into the b-phase where its
content reaches 13.4 at.% after 500 cycles and 20 at.% after
Figure 8 SEM micrographs in BSE mode in cross-sections of the bond coat of the AM1-based samples: (a) A10, (b) A50, (c) A500 and (d)
A1000.
Figure 9 Evolution with time of the Al, Ni, Cr and Ru contents of
the external zone of the bond coat for both systems.
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1000 cycles. In addition, in the IZ, the b-phase was fully
transformed into the g 0-phase and no distinction can be made
between the IZ and the SRZ. The total thickness of these two
zones drastically increases up to 159 mm after 500 cycles and
186 mm after 1000 cycles (Figure 10). The TCP precipitates
in the SRZ grow towards the superalloy and perpendicularly
to the interface whereas a layer free of TCP precipitates
appears below the alumina particles at the EZyIZ. For the
AM1-based systems after 500 and 1000 cycles, the loss of
the thermal barrier coating leads to a strong rumpling which
increases the length of TGOybond coat interface and thus the
surface to be oxidised. The aluminium depletion in the
external zone was enhanced and a high degree of transforma-
tion of the b-phase into the g 0-phase was observed after 500
cycles [Figure 8(c)]. The b-phase in the IZ is fully trans-
formed into the g 0-phase and the IZ can no longer be
distinguished from the diffusion zone (DZ). After 1000
cycles, the aluminium content in the EZ was low
(16.5 at.%). No more b-phase was observed and the g 0-
phase had begun to transform into the g-phase (Figure 8(d)].
4. DISCUSSION
4.1 Effect of the superalloy composition
The objective of this work is to study the effect of the
superalloy composition on the durability and degradation of
thermal barrier coating systems during thermal cycling. The
two superalloys studied differ by the addition of rhenium,
ruthenium and hafnium in the fourth-generation superalloy
(MCNG). The durability of the systems is evaluated through
their resistance to spallation after a given number of thermal
cycles. According to the results described previously, the
MCNG-based system is more resistant to spallation than the
AM1-based system. Indeed, the former can sustain at least
1000 cycles while the latter fails between 200 and 400
cycles. The origin of this better resistance to spallation is
difficult to explain. Several factors affecting the spallation of
the TBC systems have been reported in the literature [4] such
as the oxidation kinetics, the nucleation and growth of
cavities at the oxideybond coat interface, phase transforma-
tions in the bond coat, rumpling, etc.
The oxidation kinetics of the two systems are in the same
range, at least up to 50 cycles, and are consistent with the
literature [6,18,19]. However, the parabolic constant kp is
slightly lower for the MCNG-based system than for the
AM1-based one. The MCNG superalloy contains a reactive
element (Hf) that can segregate to the oxideybond coat
interface and thus slow down the oxidation rate [20]. Such
a segregation of hafnium at the oxideyalloy interface and in
the grain boundaries of the oxide has already been evidenced
[21]. For a higher number of cycles, the oxidation rate of the
MCNG-based system decreases, probably because of micro-
structural evolution in the TGO.
Due to oxidation and interdiffusion between the superalloy
and the bond coat, the chemical composition of the bond coat
evolves during thermal cycling. For both systems, the
external zone becomes more and more depleted in alumi-
nium and enriched in nickel. In addition, elements coming
from the superalloy are detected in the bond coat. According
to the equilibrium phase diagram, the aluminium depletion
leads to the transformation of the b-phase into the g 0-phase
[22]. After 10 and 50 cycles, the magnitude and the nature of
the phase transformations in the bond coat are similar in both
systems as well as the nickel and aluminium contents in the
EZ. After 500 and 1000 cycles, the comparison between the
two systems becomes difficult as the loss of the ceramic top
coat and the strong rumpling on the AM1-based ones may
have a direct influence on the microstructural evolutions of
the bond coat. However, two main differences can be pointed
out, independently of any spallation effect. Firstly, due to the
diffusion of ruthenium in the bond coat of the MCNG-based
systems, the transformation of the b-phase (Ni,Pt)Al into a
Ru-rich b-phase (Ni,Pt,Ru)Al is observed. Secondly, the
SRZ in the MCNG-based systems is at least three times
thicker than the diffusion zone in the AM1-based systems.
This enhanced interdiffusion phenomenon between the bond
coat and the superalloy in the MCNG-based systems leads to
an accelerated depletion of the aluminium reservoir consti-
tuted by the nickel aluminide bond coat. In addition, due to
the brittle TCP phases, the SRZ exhibits degraded mechan-
ical resistance compared to the initial superalloy [19].
Table 5 Chemical composition (at.%) determined by WDS of the b- and g 0-phases in the external zone of the samples M500 and M1000
Al Ni Pt Cr Ti Ta W Mo Re Ru
M500 b 33 44 3.4 5.5 0.4 0.2 0.3 0.1 0.1 13.4
M500 g 0 19.2 71.7 2.2 3.5 0.5 1.2 1 0.4 0.2 1.6
M1000 b 35 32.6 3.1 5.7 0.7 0.5 0.4 0.1 0.1 20
M1000 g 0 18.6 70 1.8 3.5 0.5 1.3 1.1 0.4 0.3 1.9
Figure 10 Evolution with time of the thickness of (i) the external
zone and (ii) the internal zone added to the diffusion zoneySRZ for
the AM1-based and MCNG-based systems.
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Another consequence of interdiffusion between the super-
alloy and the bond coat is the presence of titanium in the
TGO. Titanium oxide has been detected in the TGO of the
AM1-based systems that have spalled. Above a certain
amount, titanium has been reported to be detrimental to the
spallation resistance of the systems [6,23]. As AM1 contains
a higher titanium content than MCNG (1.2 wt.% versus
0.5 wt.%), this is another possible explanation to account
for the better resistance to spallation of the MCNG-based
systems.
4.2 Degradation mode
Among all the samples tested, two of them spalled sponta-
neously during thermal cycling (A500 and A1000) whereas
one spalled a few days after the end of thermal cycling
(M1000). For the latter, spallation occurs at the TGOybond
coat interface and is attributed to the exposure of the sample
to air humidity, also called Desktop Spallation (DTS) [24].
Determining where spontaneous spallation occurs on the
AM1-based systems is more difficult. On the one hand, the
presence of ZrO2 nodules at the surface of the spalled
samples suggests that spallation occurs partly at the
oxideytop coat interface. This is also consistent with the
pores and microcracks observed in cross-section close to this
interface. On the other hand, comparison with isothermal
oxidation of an AM1y(Ni,Pt)Al system at 1100C for 1000 h
shows that, after isothermal treatment: (i) the degree of phase
transformations is lower (Figure 11), and (ii) a-Al2O3 is the
only oxide detected [25]. One possible scenario to account
for these observations is that spallation also occurs at the
oxideybond coat interface. Reoxidation of the spalled areas
leads to the formation of transient alumina that further
transform into a-Al2O3. This process of spallation/reoxida-
tion most probably occurs periodically during thermal
cycling, explaining the heterogeneous thickness of the
oxide layer after 500 or 1000 cycles. Due to the higher
growth kinetics of transient alumina and to a strong rumpling
which increases the total surface of the bond coat, depletion
of aluminium in the external zone is enhanced until reaching
the critical content of aluminium for the formation of Al2O3.
New oxides such as NiAl2O4 then form. In the bond coat,
aluminium depletion is evidenced by the transformation of
the g 0-phase into the g-phase.
Another feature associated with TBC systems degradation
is the bond-coat rumpling, which is manifested by periodic
undulations of the oxideybond coat interface due to plastic
deformation of the bond coat [11]. Although the existence of
such undulations has been pointed out by SEM observations
in cross-section, their evolution with cycling (for the samples
which do not spall) is low as shown by the Ra values. The
extent of the rumpling phenomenon strongly increases with:
(i) the absence of the ceramic top coat: on the AM1-based
systems, the loss of the thermal barrier coating induces a
high increase in the Ra values; and (ii) the cyclic nature of
the oxidation treatment. The Ra values of the oxideybond
coat interface of the AM1y(Ni,Pt)Al system oxidised isother-
mally [25] is around 2 mm, i.e. between twice and three times
lower than the Ra values obtained after thermal cycling. A
similar trend was observed by Tolpygo et al. [26].
5. CONCLUSION
The effect of the superalloy composition on the spallation
resistance of TBC systems has been studied. Two super-
alloys were compared: a first-generation one (AM1) and a
fourth-generation one (MCNG). It emerges from this study
that:
 The MCNG-based system is more resistant to spallation
than the AM1-based one. The MCNG-based system can
sustain at least 1000 1 h-cycles at 1100C (or 500 1 h-
cycles when including the DTS) while the AM1-based
one spontaneously spalls between 50 and 500 cycles.
 Up to 50 cycles, the oxidation kinetics of both systems
stand in the same range. A decrease in the oxidation rate
of the MCNG-based systems is observed after 50 cycles.
 Up to 50 cycles, similar phase transformations are
observed. At 500 and 1000 cycles, the b-phase in the
bond coat of the MCNG-based systems is considerably
enriched in ruthenium coming from the superalloy. In
addition, the SRZ significantly extends.
 The loss of the ceramic top coat in the AM1-based
systems induces significant rumpling of the TGOybond
coat interface, which leads to enhanced oxidation and
subsequent aluminium depletion within the bond coat.
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